1. Introduction {#s0005}
===============

Coronary heart disease is the number-one killer of both men and women around the world. It causes dangerous thickening and narrowing of the coronary arteries that bring blood to the heart, which disrupts the flow of oxygen and nutrients to the heart, causing serious problems ([@b0110], [@b0125]). Nowadays, there are different strategies for the treatment of cardiovascular diseases. Statins family is one of the most recommended therapies for the primary and secondary prevention of cardiovascular disease. This could be attributed to their anti-hyperlipidemic effect through lowering the low-density lipoprotein (LDL) and to their pleiotropic effects including reduced vascular inflammation and platelet adhesion ([@b0145], [@b0300]).

Atorvastatin calcium (ATOR) ([Fig. 1.](#f0005){ref-type="fig"}a) acts as a plaque stabilizer; therefore, it is used as a preventive treatment of strokes through its anti-inflammatory effect and possibly due to other mechanisms ([@b0145], [@b0300]). Trimetazidine hydrochloride (TMZ) ([Fig. 1](#f0005){ref-type="fig"}b) is a cytoprotective drug acts mainly by inhibition of β-oxidation of free fatty acids (FFA), which in turn increases the metabolic rate of glucose ([@b0190]).Fig. 1Chemical structures of Atorvastatin calcium (a) and Trimetazidine (b).

The combination therapy based on ATOR and TMZ could provide an effective improvement on cardiac functions; reduces the level of inflammatory factors and improves the endothelial function in patients with coronary heart disease which greatly reduce the risk of myocardial injury and enhance cure rates ([@b0270], [@b0150]). Hence, combining both ATOR and TMZ into a single formulation will be beneficial for patients with coronary heart disease and can minimize the prevalence of postoperative myocardial injury as well as effectively improve their lipid profile ([@b0245], [@b0280], [@b0295]).

The combination of ATOR and TMZ needs pharmaceutical and analytical collaboration to get an optimized formulation. Hence, the lower solubility of ATOR and diminished dissolution could be an issue and how to quantitatively evaluate both drugs in the final formulation.

According to Biopharmaceutical Classification System (BCS), ATOR is classified under class II drugs, which are poorly water-soluble and highly permeable drug ([@b0275]). In addition, it has a very poor solubility in acidic pH ([@b0015]). This leads to poor dissolution rate at gastric pH with consequent incomplete absorption and poor oral bioavailability of about 14% ([@b0130]). Therefore, dissolution rate is the rate-limiting step for ATOR absorption. Whereas, TMZ HCL is a BCS Class-I drug which is highly soluble and highly permeable, so it doesn't represent a challenge for formulation ([@b0140]). Several trials were reported to improve the aqueous solubility of ATOR including the formulation of solid dispersions ([@b0275]), the use of micro-environmental alkalinizing agents ([@b0015]), self micro-emulsifying drug delivery systems (SMEDDS) and formulation of inclusion complexes ([@b0105], [@b0180]).

Secondly, the different chemical nature and physico-chemical properties of both drugs as well as lack of analytical method to simultaneously determine the two drugs in the formulation or monitor their release profiles are a great challenge. Referring to the literature survey, there is no reported analytical method for simultaneous determination of ATOR and TMZ combination. ATOR has been determined using different analytical methods such as: HPLC ([@b0090], [@b0115]), capillary electrophoresis ([@b0095], [@b0030]), electrochemical ([@b0195], [@b0020]), spectrofluorimetry ([@b0040], [@b0220]), spectrophotometry ([@b0155], [@b0045], [@b0070]). Densitometric methods have been also reported for determination of ATOR in combined dosage forms ([@b0200], [@b0185]). Furthermore, there is a few number of reported methods is available for the quantification of TMZ hydrochloride. These include HPLC ([@b0055]), LC/ESI-MS ([@b0290]), spectrophotometric ([@b0075], [@b0035]), and electrochemical methods ([@b0085]). In addition, stability indicating HPTLC method of TMZ in the presence of its acid-induced degradation products has been reported ([@b0050]) has been reported.

Comparing with other complicated separation techniques; HPLC and electrophoresis, densitometry is the most simple and cost-effective method with low volume consumption of solvents.

Hence, the aim of this study was to enhance the solubility of ATOR and hence its dissolution performance. Followed by combining both drugs in an oral sublingual formulation simultaneously with developing a simple, accurate and reproducible method for simultaneous quantification of both drugs the sublingual tablets. The solubility enhancement of ATOR was tried using different techniques such as grinding, physical mixing with a polymeric solubilizer; soluplus®, formulation of solid dispersion with a hydrophilic carrier; Pluronic F-68, formulation of loaded mixtures with SBE-β-CD and a combination of the most successful techniques was adopted. Then, sublingual tablets containing solubilized ATOR and TMZ were formulated and tested for their tableting performance. In addition, HPTLC analysis for simultaneous quantification of both drugs has been developed and validated according to [@b0120] guidelines.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Atorvastatin calcium and trimetazidine hydrochloride were kindly supplied by Eipico Company, Cairo, Egypt. Soluplus® and SBE-β-CD were obtained from Ligand Technology, USA. All pharmaceuticals were checked for purity by TLC. Acetonitrile, Ethyl acetate, hexane, chloroform and magnesium stearate were supplied by El-Nasr Pharmaceutical Chemicals Co. (Cairo, Egypt). HPTLC aluminum sheets pre-coated with silica gel G 60F254 plates were obtained from Fluka, 20 × 20 cm, 0.20 mm layer thickness. Pluronic F-68 was purchased from Sigma Aldrich Co., USA. All other chemicals and reagents used in this study were of analytical grade and used without further purification.

2.2. Methods {#s0020}
------------

### 2.2.1. Preparation of standard solutions of synthetic mixture {#s0025}

Standard stock solutions containing 0.25 and 1.00 mg/mL of ATOR and TMZ respectively was prepared in 10 ml volumetric flask by dissolving 2.50 mg ATOR and 10.00 mg TMZ in methanol. The stock solutions were stored at 4 °C in amber glass vessels and can be used within 2 days. The working solutions were prepared by further dilutions of the standard solution with methanol.

### 2.2.2. Chromatographic conditions {#s0030}

#### 2.2.2.1. General procedure {#s0035}

A Camag-HPTLC system comprising of Linomat-5 automatic sample applicator and Camag TLC scanner III with winCAT\'S version 4.0 software (Muttenz, Switzerland) was used. A Camag 100 µL Sample syringe (Hamilton, Bonaduz, Switzerland) was used for sample application as bands (band size: 4 mm) under a stream of nitrogen on aluminum plates coated with silica gel G 60F254 (20 × 5 cm). UV lamp (short wavelength 254 nm, Vilber Louranate 220 V 50 Hz, Marne-la-Vallee Cedex, France) and TLC tank (standard type, 27.0 cm width × 26.5 cm height × 7.0 cm diameter, Sigma-Aldrich Co., USA) were used.

TLC was performed on 20 × 20 cm aluminum foil-backed plates pre-coated with 0.20 mm layers of silica gel G 60F254. Before use, the plates were cut into 20 × 5 cm pieces. Chloroform--methanol--glacial acetic acid (68: 11.2: 0.8 v/v/v) was used as a mobile phase. The HPTLC plates were developed in a 27.0 cm W × 26.5 cm H × 7.0 cm D conventional TLC tank lined with thick filter paper for chamber saturation. Before use, the tank covered with its lid was pre-saturated with mobile phase (80 ml) vapor for at least 20 min at room temperature (25 ± 5 °C). Four microliters of the working standard solutions and/or sample solutions were applied to the plates, 1 cm from the lower edge, with a Linomat-5 automatic sample applicator. Plates were allowed to dry in air for 5 min. then transferred to the TLC tank and developed with the optimized mobile phase till the ascended solvent front moved about three-fourths the length of the plate from the origin (approximately 5 min). After development, plates were removed, dried in air for 5 min. and scanned by a Camag Dual-wavelength TLC scanner III with winCAT's version 4.0 software in the absorbance mode at 246 nm and 230 nm for ATOR and TMZ, respectively.

#### 2.2.2.2. Construction of calibration curves {#s0040}

Four microliters from the working standard solutions containing different concentrations of the studied drugs in the range of (0.05--1.00 and 0.2--4.00) µg/band of ATOR and TMZ; respectively were applied to HPTLC plates. The working synthetic mixture solutions of the binary mixture were spotted in triplicate on HPTLC plates. The plate was then developed and densitometric analysis was achieved as described under general procedure. The data of peak area versus drug concentration was treated by linear least square regression analysis.

#### 2.2.2.3. Validation of the analytical method {#s0045}

Validation studies were conducted using the optimized assay conditions based on the principles of validation described in the ICH guidelines. Key analytical parameters including linearity, lower limit of detection (LLOD), lower limit of quantification (LLOQ), precision, accuracy and robustness were evaluated. Results were expressed as percentages, with n; representing the number of samples.

##### 2.2.2.3.1. Linearity {#s0050}

Linearity of the peak area response was verified at six concentration levels with triplicate measurements. The obtained data were then treated by linear least square regression analysis.

##### 2.2.2.3.2. Lower limits of detection (LLOD) and quantification (LLOQ) {#s0055}

LLOD and LLOQ were calculated as 3.3σ/S and 10σ/S, respectively, where σ is the standard deviation of the intercept of the regression equation and S is the slope of the calibration curve.

##### 2.2.2.3.3. Precision and accuracy {#s0060}

Intra-day precision of the proposed method was tested by replicate analysis of the working standard mixture of ATOR-TMZ at three different concentration levels; low, medium and higher ranges of the calibration curve. This study was repeated for three days to determine the inter-day precision (n = 9). Precision was expressed in %RSD. Accuracy was expressed as percentage recovery:$$\frac{\mathit{Found}\mspace{900mu} concentration}{\mathit{Added}\mspace{900mu} concentration} \times 100$$

##### 2.2.2.3.4. Robustness {#s0065}

The robustness of the proposed method was determined by studying the effect of minor changes on the method performance such as the composition of mobile phase, saturation time and analytical wavelength.

### 2.2.3. Preformulation studies {#s0070}

#### 2.2.3.1. Compatibility studies {#s0075}

Compatibility studies for ATOR, TMZ and the used excipients were carried out using Differential Scanning Calorimetry (DSC). DSC thermograms were obtained using a Shimadzu DSC-50 (Japan) equipped with a software computer program TA50. Approximately 5 mg of each sample of both drugs and their physical mixtures with the investigated excipients were placed in an aluminum pan of 50 µL capacity and 0.1 mm thickness, press-sealed with aluminum cover of 0.1 mm thickness. An empty pan sealed in the same way was used as a reference. Samples were heated from 30° to 300 °C at a rate of 10 °C min^−1^ and nitrogen flow of 40 ml/min. Indium was used as a standard for calibrating temperature.

#### 2.2.3.2. *In vitro* dissolution performance of pure ATOR {#s0080}

USP dissolution apparatus II (Erweka, Germany) was used at 50 r. p. m. rotation speed. Ten milligrams of pure ATOR samples were sprinkled to the dissolution medium of 250 ml phosphate buffer solution with pH 6.8, equilibrated at 37 ± 0.5 °C ([@b0060]). At time intervals of 5, 15, 30, 45 and 60 min, samples (5 ml) of the solution were withdrawn by a volumetric pipette with 0.45 μm membrane filter (Agilent Technologies, Santa Clara, CA) and replaced with an equal volume of fresh dissolution medium equilibrated at 37 ± 0.5 °C. The samples were analyzed for the released amount of ATOR spectrophotometrically (JENWAY spectrophotometer-model 6305, UK) at λ~max~ of 238 nm. The experiment was performed in triplicate and the average recordings were used for calculations.

#### 2.2.3.3. Enhancement of ATOR dissolution rate {#s0085}

##### 2.2.3.3.1. Effect of grinding {#s0090}

Pure ATOR was ground in a vibrating uniball mill (VEB Leuchten bau-KM1, Germany) for 15 min. Then, 10 mg samples were tested for the *in vitro* dissolution as described above.

##### 2.2.3.3.2. Effect of polymeric solubilizer {#s0095}

ATOR was physically-mixed with soluplus® in ratios 1:1 and 1:2 w/w and the *in vitro* dissolution of ATOR from samples equivalent to 10 mg drug dose was determined as described above.

##### 2.2.3.3.3. Formulation of ATOR solid dispersion {#s0100}

Solid dispersion of ATOR with Pluronic F-68 was prepared in weight ratio of 1:7 w/w by fusion method. Pluronic F-68 ratio was selected on basis of previous study ([@b0005], [@b0010]). Briefly, the calculated amount of Pluronic F-68 was placed in a porcelain dish and heated till melting over steam bath. ATOR amount was dispersed gradually into molten carrier using a glass rod. After complete dispersion, the dish was removed from steam bath and left aside to cool at room temperature till solidification of its contents. Then, the solid dispersion formed was pulverized and samples equivalent to 10 mg ATOR were tested for *in vitro* dissolution rate as described above.

##### 2.2.3.3.4. Formulation of ATOR loaded mixtures with SBE-β-CD {#s0105}

Loaded mixtures of ATOR with SBE-β-CD in molar ratios 1:1 and 1:2 were prepared by solvent evaporation method. The calculated amount of ATOR was dissolved in minimum amount of methanol while the required amount of SBE- β-CD was dissolved in a co-solvent system of methanol and dichloromethane (1:1 v/v). Both were kept with continuous stirring over a magnetic stirrer (Gallenkamp, UK). The drug solution was added gradually to SBE-β-CD solution with continuous stirring. The solvents were removed under reduced pressure at 40 °C in a thermostatically controlled Vacuum oven drier (Horyzont SPT-200, Poland) till constant weight was obtained. The prepared mixtures were pulverized and samples equivalent to 10 mg ATOR tested for the *in vitro* dissolution rate as described.

##### 2.2.3.3.5. Effect of combination of loaded mixture and polymeric solubilizer {#s0110}

The optimum ratio of loaded mixtures prepared in the previous step was physically mixed with soluplus® in 1:2 w/w, loaded mixture to solubilizer; respectively and samples equivalent to 10 mg ATOR were tested for *in vitro* dissolution.

### 2.2.4. Formulation and evaluation of ATOR-TMZ sublingual tablets {#s0115}

#### 2.2.4.1. Formulation of sublingual tablets {#s0120}

It was found that combination between ATOR-SBE-β-CD loaded mixture (1:2 M ratio) and soluplus® (1:2 w/w loaded mixture to soluplus®, respectively) showed the highest dissolution rate. Therefore, it was selected for sublingual tablets formulation. A fixed amount (50.8 mg) of this optimum formulation equivalent to 10 mg ATOR together with 20 mg of pure TMZ HCl were used in the formulation of sublingual tablets. Different diluents were used including soluplus®, anhydrous lactose and Avicel pH101. Ac-Di-Sol (Croscarmellose sodium), Crospovidone and Explotab (Sodium starch glycolate) were used as superdisintegrants to promote fast disintegration of tablets and they were incorporated in different concentrations ranged from 4.0 to 9.6 %w/w of the final tablet weight of 250 mg ([@b0235], [@b0255], [@b0260], [@b0265]). Magnesium stearate was used as a lubricant in a concentration of 1% (w/w). Cherry flavor was used as flavoring agent in concentration of 3.2% (w/w). Saccharin sodium was used as a sweetener agent in a concentration of 9.6% (w/w). All powders were mixed by trituration in a glass mortar with a pestle to obtain a uniform mixture. The blended powders were compressed into tablets weighing 250 mg using a single punch tablet machine (Erweka, Germany) having a die set of 8 mm diameter. [Table 1.](#t0005){ref-type="table"} summarizes the prepared formulations.Table 1Composition of the prepared formulations of sublingual tablets containing ATOR-TMZ combination.IngredientsFormula composition (mg)[a](#tblfn1){ref-type="table-fn"}F1F2F3F4F5F6F7F8F9F10F11F12Solubilized ATOR[b](#tblfn2){ref-type="table-fn"}50.850.850.850.850.850.850.850.850.850.850.810TMZ202020202020202020202020Mg stearate222222222222Cherry flavor888888888888Saccharin sodium242424242424242424242424Ac-Di-Sol--1020----1012121224----Explotab------1020101212----24--Crospovidone----------------12----24Soluplus145.2135.2125.2135.2125.2--------------Anhydrous lactose----------125.2121.2--------Avicel pH 101--------------121.2121.2121.2121.2121.2[^1][^2]

#### 2.2.4.2. Physico-chemical evaluation of the formulated sublingual tablets {#s0125}

##### 2.2.4.2.1. Uniformity of tablets weight {#s0130}

Uniformity of tablets weight was determined according to ([@b0060]). Twenty tablets from each formulation were randomly selected and weighed individually. As stated by pharmacopoeia, for tablets weighing 80--250 mg, actual tablet weight should not be deviated from claimed value by more than 7.5%.

##### 2.2.4.2.2. Uniformity of drug content {#s0135}

The drug content of the prepared sublingual tablets was determined using the ([@b0060]). Ten randomly selected tablets from each formulation were assayed individually. Each tablet was powdered and the active ingredients were extracted by continuous stirring with methanol in a 100 ml volumetric flask. The contents of flask were filtered and after suitable dilution, the solution was assayed by HPTLC according to the developed method described above. Drug content was expressed as a percentage of claimed labels and should be 100 ± 15% as stated in European Pharmacopeia.

##### 2.2.4.2.3. Tablet friability {#s0140}

Twenty tablets were randomly selected from each formulation and revolved in a friabilator (Erweka, Germany) at 25 r.p.m. for 4 min. The tablets were brushed gently and the percentage of weight loss was calculated and should not exceed 1% according to ([@b0060]).

##### 2.2.4.2.4. Tablet hardness {#s0145}

Erweka hardness tester (Erweka, Germany) was used for determination of tablet hardness. Ten randomly-selected tablets were tested individually and the average was considered ([@b0005], [@b0010]).

##### 2.2.4.2.5. Thickness and diameter of the prepared tablets {#s0150}

Twenty tablets from each formulation were investigated using a micrometer (Mitutoyo Co., Japan) and the average thickness and diameter were determined.

##### 2.2.4.2.6. *In vitro* disintegration time of the prepared tablets {#s0155}

*In vitro* disintegration time study was carried out on randomly selected 6 tablets from each batch using the apparatus specified in the European Pharmacopoeia, 2014 (Erweka, Germany). A volume of 250 ml phosphate buffer solution (pH 6.8) equilibrated at 37 ± 0.5 °C was used as a disintegration medium and the time taken for complete disintegration of the tablet with no solid mass remaining in the apparatus was measured. According to Pharmacopoeial specifications for sublingual tablets, disintegration time should be less than 3 min ([@b0060]).

##### 2.2.4.2.7. *In vitro* dissolution performance {#s0160}

Three randomly selected tablets from each formulation were studied using the same procedure and criteria described above in [Section 2.2.3.2](#s0080){ref-type="sec"}. The only difference was that ATOR and TMZ in samples were simultaneously quantified using the developed HPTLC method described above.

3. Results and discussion {#s0165}
=========================

In this study the combination of TMZ and ATOR into a sublingual tablet which would provide a synergistic improvement on the cardiac function as well as giving a faster action for a large population of patients has been developed. The interested drugs in their combination were determined using a novel dual wavelength TLC -- densitometry which facilitates their quantification simultaneously in the formulated tablets.

3.1. Optimization of chromatographic conditions {#s0170}
-----------------------------------------------

### 3.1.1. Selection of the optimum detection wavelengths {#s0175}

According to the UV absorption spectra of the methanolic solutions of TMZ and ATOR ([Fig. 2](#f0010){ref-type="fig"}) a dual wavelength detection mode at λ~max~ of 230 and 246 nm respectively, was used. This mode of detection improves the method sensitivity as well as specificity with minimized noise level.Fig. 2UV absorption spectra of the methanolic solutions of TMZ and ATOR.

### 3.1.2. Mobile phase composition {#s0180}

A laboratory prepared mixture of TMZ and ATOR was used to investigate the optimum separation conditions. Developing systems of different composition and ratios were tried ([Table 2](#t0010){ref-type="table"}). Various band dimensions were tested in order to obtain sharp and symmetrical peaks. The separation of the two drugs was a challenging task as ATOR and TMZ possess a wide discrepancy in their physicochemical properties. ATOR is a weak acid with a pK~a~ of 4.33 (carboxylic group) and log P (n-octanol-water partition coefficient) of 5.7. On the other side, TMZ is a weak base with a pK~a1~ of 4.45 and pK~a2~ of 9.14 (two nitrogen atoms of the piperidine ring) and log P of 1.04 ([@b0285]).Table 2Different trials for selection of the optimum mobile phase for separation of TMZ - ATOR mixture.No.Different trialsTMZ (R~f~)ATOR (R~f~)1Ethyl acetate: hexane5: 5\
(v/v)0.00With SF[a](#tblfn3){ref-type="table-fn"}2Ethyl acetate: hexane: ammonia5: 5: 0.1\
(v/v/v)0.00With SF3Ethyl acetate: hexane: glacial acetic acid5: 5: 0.1\
(v/v/v)0.00With SF4Ethyl acetate: hexane: glacial acetic acid8: 2: 0.1\
(v/v/v)0.000.915Ethyl acetate: hexane: glacial acetic acid9: 1: 0.1\
(v/v/v)0.00With SF6Ethyl acetate: hexane: water: glacial acetic acid8: 1: 1: 0.1\
(v/v/v)0.050.907Ethyl acetate: methanol: glacial acetic acid8: 2: 0.1\
(v/v/v)0.10.828Ethyl acetate: methanol: water: glacial acetic acid4: 4: 2: 0.2\
(v/v/v)0.550.959Ethyl acetate: methanol: water: glacial acetic acid5: 4: 1: 0.1\
(v/v/v)0.280.8510Ethyl acetate: methanol: water: glacial acetic acid5.5: 3: 1.5: 0.1\
(v/v/v/v)0.150.8211Ethyl acetate: methanol: water: glacial acetic acid4: 4: 2: 0.1\
(v/v/v/v)0.32With SF12Ethyl acetate: methanol: water: glacial acetic acid\
5: 4: 1: 0.2 (v/v/v/v)0.23With SF13Ethyl acetate: methanol: water: glacial acetic acid6: 3.5: 0.5: 0.2\
(v/v/v/v)0.140.9814Ethyl acetate: methanol: glacial acetic acid6.5: 3.5: 0.5\
(v/v/v)0.090.9115Ethyl acetate: methanol: water: glacial acetic acid6: 3.5: 0.5: 0.1\
(v/v/v/v)0.070.9116Ethyl acetate: methanol: water: Ammonia6: 3.5: 0.5: 0.1\
(v/v/v/v)0.200.8417Chloroform: methanol: glacial acetic acid8.5: 1: 0.5\
(v/v/v)0.160.9518Chloroform: methanol: water: glacial acetic acid6: 3.5: 0.5: 0.2\
(v/v/v/v)0.75With SF19Phosphate buffer (pH 6.9): ethyl acetate: methanol: water0.5: 1.3: 3.3: 4.8\
(v/v/v/v)0.700.8220Chloroform: methanol: glacial acetic acid7.5: 1.5: 1\
(v/v/v)0.38With SF21Chloroform: methanol: glacial acetic acid8.5: 1: 0.1\
(v/v/v)0.150.63[22Chloroform: methanol: glacial acetic acid]{.ul}\
[8.5: 1.4: 0.1 (v/v/v)]{.ul}0.30.7223Chloroform: methanol: glacial acetic acid8.5: 2.8: 0.2\
(v/v/v)0.230.77[^3]

The typical well-known conditions for normal phase TLC with (1:1) ethylacetate: hexane as a mobile phase was studied first to investigate the separation of the two drugs. Being non-polar, ATOR migrates with the solvent front, leaving the positively charged TMZ, which is strongly attached to the negatively charged silica, at the start line. The situation was not improved upon trying to use organic modifiers such as ammonia or glacial acetic acid ([Table 2](#t0010){ref-type="table"}). Upon trying to replace hexane with methanol or methanol/water mixture in order to render the mobile phase system more polar and to improve R~f~ of TMZ, still the R~f~ of ATOR is significantly high, which renders the accurate quantitation of ATOR impossible. This can be attributed to the high solubility of ATOR in methanol. The same holds true when using phosphate buffer, pH 6.9 (instead of glacial acetic acid), which was tried to minimize the degree of dissociation of TMZ, making it more non-polar. Although, this approach successfully increases R~f~ of TMZ and slightly reduces that of ATOR (due to dissociation of carboxylic acid moiety), however, there is no base line separation of the two compounds, even when trying different concentrations and ratios of phosphate buffer. Then, trying to replace ethylacetate with chloroform improves greatly the situation and reduces R~f~ of ATOR and after fine tuning the percentage of chloroform: methanol: glacial acetic acid (8.5: 1.4: 0.1 (v/v/v)) was selected as the optimum mobile phase system giving compact bands for each drug, with suitable R~f~ values, and used for subsequent spectro-densitometric analysis. The typical chromatograms for the tested drugs in the mixture were presented in ([Fig. 3](#f0015){ref-type="fig"}) at λ~max~ of 230 and 246 nm, respectively.Fig. 3Typical chromatograms for the tested drugs in their synthetic mixture at λ~max~ of 230 and 246 nm, respectively using the optimized chromatographic conditions.

3.2. Method validation {#s0185}
----------------------

The last step of the present study was to check method's validation for linearity intra/inter-day precision, accuracy, and robustness according to ICH guidelines. For the statistical analysis, Microsoft Office Excel 2016 (Microsoft Corporation) was used. An excellent linearity was established at six levels in the range of 0.2--4.0, 0.05--1.0 μg/band for TMZ & ATOR respectively with *R*^2^ of more than 0.999 for the two analytes. The slope and intercept of the calibration curve were 2527.7 and 959.55 for TMZ, 4947.20 and 936.13 for ATOR, respectively. The LLODs were 0.056 and 0.013 μg/band and the LLOQs were 0.17, 0.040 μg/band for TMZ and ATOR respectively ([Table 3](#t0015){ref-type="table"}). The intra and inter-day precision was confirmed since, the %RSD was found to be ≤1.938 and ≤1.995 respectively ([Table 4](#t0020){ref-type="table"}). In addition, the accuracy was presented as % recovery within the range of 94.00--98.80 % indicating the good accuracy of the developed method. Robustness study reveals that small changes did not alter the retardation factor or the peaks resolution and therefore it can be concluded that the method conditions are robust ([Table 5](#t0025){ref-type="table"}).Table 3Optimum conditions and quantitative parameters of the proposed spectrodensitometric method.Studied mixtureTMZ -- ATORComponent drugsTMZATORAnalytical wavelength (nm)230246R~f~0.390.77Linearity range (µg/band)0.2--4.00.05--1.0Correlation coefficient (R)0.99970.9996R^2^0.99950.9994Intercept (a) ± SD[\*](#tblfn4){ref-type="table-fn"}959.55 ± 42.91936.13 ± 20.18Slope (b) ± SD[\*](#tblfn4){ref-type="table-fn"}2527.7 ± 38.264947.20 ± 45.14LOD[\*\*](#tblfn5){ref-type="table-fn"}0.0560.013LOQ[\*\*\*](#tblfn6){ref-type="table-fn"}0.170.040[^4][^5][^6]Table 4Intra-day and Inter-day precision of the proposed spectrodensitometric method for TMZ -- ATOR synthetic mixture.DrugAdded Conc. (µg/band)Intra-day precision (n = 3)Inter-day precision (n = 9)Found Conc. (µg/band)RSD%Accuracy%Found Conc. (µg/band)RSD%Accuracy%TMZ0.40.3911.93897.8330.3870.77994.51.61.5301.41495.6261.5731.30498.3373.23.1510.44698.4533.1620.43798.803ATOR0.20.1881.73794.000.1871.82193.3330.40.3841.68896.001.5731.99595.0830.80.7840.52298.4173.1620.69198.043Table 5Robustness of the proposed spectrodensitometric method for determination of TMZ - ATOR mixture.Component drugsTMZATORNo variation\
Chloroform/methanol/glacial acetic acid\
(68: 11.2: 0.8 v/v/v)99.23 ± 0.4598.21 ± 1.09Chloroform; +5%97.11 ± 0.7296.34 ± 0.54−5%99.11 ± 0.65100.21 ± 1.23Methanol; +5%97.13 ± 1.1199.08 ± 0.50−5%99.12 ± 0.8899.34 ± 0.34Glacial acetic acid +5%97.09 ± 1.22100.32 ± 1.02−5%100.88 ± 1.2499.24 ± 1.23Saturation time; +5 (min)99.11 ± 0.78100.07 ± 0.76− 599.09 ± 1.13100.22 ± 1.87Analytical wavelength; +5(nm)96.28 ± 0.9999.72 ± 1.32−599.15 ± 1.1397.23 ± 0.39[^7]

3.3. Preformulation studies {#s0190}
---------------------------

### 3.3.1. Compatibility studies {#s0195}

[Fig. 4](#f0020){ref-type="fig"} shows DSC thermograms for pure ATOR, TMZ and their physical mixture at a weight ratio of 1:2, which was selected to simulate the same ratio of the two drugs in the prepared tablets. Both drugs showed sharp melting endothermic peaks at 161.19 and 228.0 °C for ATOR and TMZ ([Fig. 4](#f0020){ref-type="fig"}, Traces, A and B), respectively. Physical mixture of the two drugs showed the same peaks without significant shift indicating absence of incompatibilities between them. In addition, it was also found that DSC thermograms for the two drugs combination with all investigated excipients didn't show significant shift in these peaks confirming absence of incompatibilities between them and their suitability to be used in this study. Detailed DSC thermograms and their interpretation are shown in the supplementary data file (Figs. S1-S10 and Table S1).Fig. 4DSC thermograms of pure ATOR (A), pure TMZ (B) and their 1:2 w/w physical mixture (C).

### 3.3.2. Enhancement of ATOR *in vitro* dissolution by different techniques {#s0200}

[Fig. 5](#f0025){ref-type="fig"} shows release profiles of ATOR from different preparations attempted to improve its dissolution performance. Pure ATOR showed poor dissolution rate (54% after 60 min) due to its limited aqueous solubility ([@b0015]). Grinding of pure ATOR didn't show significant effect on its dissolution rate. Formulation of solid dispersion with Pluronic F-68 showed some improvement in the dissolution rate (67% after 60 min), but it was not considered enough to build on. Using soluplus® as a solubilizer or formulation of inclusion complex with SBE-β-CD at 1:1 w/w and 1:1 M ratio, respectively resulted in some improvement in ATOR release profile (62.23% and 66.57% after 60 min, respectively) which was markedly enhanced upon doubling drug to carrier ratio to 1:2 w/w and 1:2 M ratio for soluplus® and SBE-β-CD, respectively (77.23 and 80% released after 60 min, respectively). Soluplus® is known to have a powerful solubilizing effect and has shown excellent improvement in the solubility of BCS class II drugs ([@b0215][)]{.ul}. In addition, SBE-β-CD is a novel derivative of cyclodextrins family that also showed promising successes with several poorly-soluble drugs through inclusion of the drug within its hydrophobic core that forms excellent environment for water-insoluble drugs, while its hydrophilic surface imparts good aqueous solubility ([@b0165], [@b0065], [@b0135]). Furthermore, combining both Soluplus® and SBE-β-CD in the formulation with ATOR to exploit their advantages by solubilizing the drug using different mechanisms was also investigated. Surprisingly, we found that combination of ATOR-SBE-β-CD loaded mixture (1:2 M ratio) together with soluplus® (1:2 w/w loaded mixture to Soluplus®, respectively) achieved the highest dissolution rate (approximately 100% after 60 min); therefore it was selected to be incorporated into the formulated sublingual tablets.Fig. 5*In vitro* release profiles of ATOR from different formulations adopted to enhance its dissolution rate.

3.4. Physico-chemical evaluation of the formulated sublingual tablets {#s0205}
---------------------------------------------------------------------

### 3.4.1. Physical properties {#s0210}

Results revealed that all the prepared tablets had uniform weight ranging from (245--255.5 mg), thickness (2.56--2.76 mm) and diameter (7.92--8.11 mm). Results of drug content (90--95%) and friability (weight loss 0.233--0.656%) studies were acceptable according to the Pharmacopoeial specifications mentioned above. Tablet hardness values ranging from 2.4 to 5.5 kg/cm^2^ which were suitable values for sublingual tablets ([@b0005], [@b0010]). So, the tablets were accepted to be used for further studies.

Formulation F1 containing no superdisintegrants showed higher disintegration time more than 3 min. The addition of 4.0% (w/w) superdisintegrant (Ac-Di-Sol, crospovidone or Explotab) reduced disintegration time owing to wicking and capillary effects exerted by superdisintegrant leading to faster disintegration of tablet upon contact with water ([@b0005], [@b0010]). The disintegration time was inversely proportional to superdisintegrant concentration in tablets in the investigated concentration range (4.0--9.6% w/w) as published before ([@b0255]). Tablets containing Ac-Di-Sol showed a shorter disintegration time than those containing Explotab or crospovidone which could be attributed to slower water uptake and the gelling tendency of both Explotab and crospovidone which delaying their effect ([@b0005], [@b0010], [@b0225]). Whereas, using a mixture of Ac-Di-Sol (4.8% w/w) and crospovidone (4.8% w/w) in formulation (F9), a faster disintegration time has been obtained (65 sec). Probably, this can be explained on the basis of different mechanisms of actions of the used superdisintegrants. Ac-Di-Sol works by both wicking and swelling mechanisms due to its rapid wetting upon contact with water resulting from its high hydrophilicity, while crospovidone works mainly by wicking mechanism due to its capillarity nature with little wetting properties. Thus; their combination may act synergistically better than using one of them separately. Furthermore, it is reported that incorporation of excessive amount of a given superdisintegrant may form a gel that inhibits water penetration into the tablet core and thus; inhibiting tablet disintegration ([@b0175], [@b0250]). Upon investigation of the effect of diluent type on the tablet properties, it was found that Avicel pH 101 showed shorter disintegration time than soluplus® or anhydrous lactose and was more efficient in tablet formulation for adjusting both tablet hardness and disintegration time. Table S2 in the supplementary data file shows disintegration time for all the prepared formulations.

### 3.4.2. *In vitro* dissolution performance {#s0215}

[Fig. 6](#f0030){ref-type="fig"} shows the *in vitro* release profiles of both ATOR and TMZ from formulation (F9) which was selected as the optimum formulation regarding its superior physical properties. Both drugs in the optimized formulation showed enhanced release profiles compared to their pure forms. ATOR and TMZ showed 85.77 ± 1.6 and 82.16 ± 2.5 percentage released after 30 min and achieved almost complete release at the end of the investigated time span (60 min.). This improvement was obvious in case of water-insoluble drug; ATOR which showed about 2-fold enhancement in its dissolution rate relative to its pure status. This could be attributed to the solubilizing effect of SBE-β-CD and soluplus® as well as the fast tablet disintegration imparted by superdisintegrants which cooperated collectively to give enhanced release profile.Fig. 6*In vitro* release profiles of ATOR and TMZ from the optimized formulation (F9) in comparison with the pure drugs.

4. Conclusions {#s0220}
==============

A novel HPTLC-based analytical method was successfully developed for simultaneous determination of ATOR and TMZ in both pure state and sublingual tablet formulation. The developed method was sensitive, accurate, precise and robust in terms of validation. ATOR-sulfobutyl ether-β-CD/soluplus® showed the highest dissolution rate compared to the other investigated methods. ATOR/TMZ sublingual tablets showed acceptable physical properties and the optimized formulation showed excellent release profiles of both drugs and *in vitro* disintegration time of 65 s. The novel ATOR/TMZ sublingual tablets would be promising for coronary heart disease patients merging instant action and improved patient compliance.

Conflict of interest {#s0225}
====================

The authors report no conflicts of interest. If the research data used in preparation of the manuscript is available, and if so, where to access this data.

Appendix A. Supplementary material {#s0240}
==================================

The following are the Supplementary data to this article:Supplementary data 1

Peer review under responsibility of King Saud University.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.jsps.2019.02.001>.

[^1]: Total tablet weight was 250 mg.

[^2]: Solubilized ATOR is ATOR-SBE- β-CD loaded mixture (1:2 M ratio).

[^3]: SF: solvent front.

[^4]: Average of six replicates.

[^5]: Limit of detection (µg/band).

[^6]: Limit of quantitation (µg/band)

[^7]: \*Average of three replicates, Results are expressed as % Recovery ± standard deviation.
